Saturated Hydrocarbons on Silicon: Quantifying Desorption with Scanning
  Tunneling Microscopy and Quantum Theory by Yoder, N. L. et al.
ar
X
iv
:c
on
d-
m
at
/0
60
76
21
v2
  [
co
nd
-m
at.
me
s-h
all
]  
24
 Ju
l 2
00
6
Saturated Hydrocarbons on Silicon: Quantifying Desorption with Scanning Tunneling
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Electron stimulated desorption of cyclopentene from the Si(100)-2x1 surface is studied experimen-
tally with cryogenic UHV STM and theoretically with transport, electronic structure, and dynamical
calculations. Unexpectedly for a saturated hydrocarbon on silicon, desorption is observed at bias
magnitudes as low as 2.5 V, albeit the desorption yields are a factor of 500 to 1000 lower than
previously reported for unsaturated molecules on silicon. The low threshold voltage for desorption
can be attributed to hybridization of the molecule with the silicon surface, which results in low-lying
ionic resonances within 2-3 eV of the Fermi level. These resonances are long-lived, spatially localized
and displaced in equilibrium with respect to the neutral state, resulting, upon excitation, in sym-
metric (positive ion) or asymmetric (negative ion) motion of the silicon dimer atoms. This study
highlights the importance of nuclear dynamics in silicon-based molecular electronics and suggests
new guidelines for the control of such dynamics.
PACS numbers: 79.20.La, 82.37.Gk, 73.40.Gk, 71.15.Mb
The scanning tunneling microscope (STM) has pro-
gressed beyond basic imaging of surfaces to become a
tool for manipulating single atoms and molecules. Ex-
amples include reversible vertical switching [1], lateral
displacement [2, 3, 4], rotation [5], dissociation [5], and
desorption [6, 7, 8]. These new experimental techniques,
combined with related theoretical studies [8, 9, 10], have
enabled detailed understanding of fundamental physical
processes at interfaces. In the emerging field of molecular
electronics [11, 12, 13, 14, 15, 16], significant experimen-
tal and theoretical effort has been invested into studying
the electronic properties of single molecules, molecular
nanostructures, and organic monolayers. A subfield of in-
creasing interest is the integration of molecular electronic
devices with conventional silicon microelectronic technol-
ogy [17, 18, 19, 20, 21, 22]. A detailed understanding
of both the electronic properties and the stability of or-
ganic molecules on semiconductors must be established,
however, before reliable devices can be realized. On the
one hand, it is relevant to develop general guidelines for
molecules that will provide stable devices. In particu-
lar, it is widely believed that saturated organic/silicon
systems offer stability with respect to current-induced
failure of silicon-based molecular electronics [23]. It is
thus of both fundamental and practical importance to
explore the extent to which this expectation holds true.
On the other hand, it is desirable to explore systems that
will provide dynamical function, such as current-driven
molecular machines [9], switches or rectifiers [11]. Pre-
vious work has illustrated the suitability of STM experi-
ments, combined with structural and dynamical calcula-
tions, to address both questions [8, 9].
In this Letter, we study the desorption of cyclopentene
from a silicon surface using the combination of STM mea-
surements, electronic structure theory, quantum trans-
port, and dynamical calculations. The efficiency of the
desorption process is characterized by the yield, which
is found to be a factor of 500–1000 lower than for ben-
zene/Si(100) [8, 10] or chlorobenzene/Si(111) - 7x7 [24].
Measurements of the desorption yield for sample bias
voltages from -5 V to +5 V show a clear turn-on be-
havior, with asymmetric threshold voltages. Yield mea-
surements as a function of tunneling current strongly sug-
gest that the desorption mechanism is a single electron
process, resulting from transient excitation of a resonant
state. Quantum transport theory, along with electronic
structure and dynamical calculations give insight into the
nature of the resonances and the associated nuclear dy-
namics.
Experiments were performed using a cryogenic, vari-
able temperature ultra-high vacuum (UHV) STM [25]
operating at 80 K, and heavily boron doped Si(100) sub-
strates (ρ < 0.005 Ω-cm). Details of the experimental
procedure for producing a submonolayer coverage of cy-
clopentene on the clean Si(100)-2x1 surface are given else-
where [26]. A quantitative measure of the desorption
yield was obtained within a 3-step statistical approach.
The surface is initially imaged at non-perturbative con-
ditions (-2 V, 0.1 nA) to determine the initial number of
molecules on the surface. The tip is then scanned over
the same area at elevated sample bias and/or tunneling
current conditions in order to induce desorption. Finally,
the same area is scanned a third time at -2 V, 0.1 nA, and
the number of desorbed molecules is counted. The yield
(events/electron) is given by Y = ND*(e/I*t), where ND
is the number of desorption events, I is the tunneling
2FIG. 1: (color online). Desorption yield as a function of the
sample bias between -5 V and 5 V (I = 2 nA). (inset) STM
images of cyclopentene on Si(100)-2x1 before and after des-
orption. The desorption of cyclopentene usually leaves behind
a clean silicon dimer (blue circles), but occasionally results in
an apparent depression in place of the molecule (a red circle).
For the purposes of this study, we have treated both cases as
a desorption event.
current, e is the electronic charge, and t is the total time
the tip spent over a molecule. Overcounting of the elec-
trons (since the current continues to flow after desorption
occurs) is corrected using first-order kinetics [27].
The electronic transport was computed ab initio within
a non-equilibrium Green’s function approach [28], using a
density functional theory (DFT) Hamiltonian expanded
in a real-space basis with atomic cores defined by pseu-
dopotentials. This formulation allows for proper descrip-
tion of the electronic properties through the use of an
extended (open boundary) representation of both the tip
and the substrate, extending to infinity in the vertical di-
rection and, for the surface, including periodic boundary
conditions in the lateral directions. The electronic struc-
ture calculations were carried out using DFT with the
B3LYP functional and both 6-31G* and 6-311G** basis
sets within Q-Chem [29].
The adsorption of cyclopentene on silicon substrates
has been studied experimentally [30, 31] and computa-
tionally [32], and has been explained by a [2 + 2] cycload-
dition reaction between the C=C bond of the cyclopen-
tene and a silicon dimer, resulting in the formation of
two covalent Si-C bonds. In STM images, cyclopentene
molecules appear as protrusions centered on the silicon
dimer row, as shown in Fig. 1 (inset). The desorption
yield given in Fig. 1 shows that desorption occurs over a
wide range of negative and positive bias voltages, and is
strongly voltage-dependent, with the yield increasing ex-
ponentially after a threshold voltage is reached. A yield
of 1x10−12 is the practical lower-limit for desorption mea-
surements and is thus used to define the threshold volt-
age. We find asymmetric behavior, with a threshold volt-
age of -2.5 V at negative, and 3.5 V at positive sample
bias. The dramatic sensitivity of the desorption yield
to the sample bias rules out the possibility of an elec-
tric field-induced desorption (often difficult to distinguish
from other mechanisms in STM experiments), suggesting
an electronic mechanism. Measurements of the desorp-
tion rate (determined as the ratio of the desorption yield
and the tunneling current) versus the tunneling current
found very weak dependence of the rate on the current
in the 0.1–2 nA range at -5 V sample bias. This ap-
proximately linear dependence rules out the possibility
of a “vibrational heating” multiple-electron process, in-
dicating that the desorption of cyclopentene occurs via a
single-electron resonant process.
Several previous desorption studies [8, 10, 24] of or-
ganic molecules on silicon report threshold voltages (1-3
V) similar to those reported here, and describe the des-
orption mechanism in terms of a charge carrier resonance
scattering event. The presence of pi-character in organic
molecules bound to silicon gives rise to low-lying ionic
resonances within a few eV of the Fermi level. Scattering
via these resonances transiently promotes the molecule
to an ionic potential energy surface on which the nu-
clei evolve subject to a finite lifetime. Provided that the
equilibrium configurations of the resonance and neutral
states differ appreciably, the molecule will attempt to re-
lax while in the charged state, resulting in dynamics on
the ionic surface [9]. As a result, subsequent to the reso-
nance tunneling event, the molecule can be placed in an
excited configuration on the neutral surface, resulting in
further dynamics such as bond breaking and desorption.
Cyclopentene is believed to be stable toward such reso-
nance processes since it does not retain pi-orbital charac-
ter upon chemisorption to the clean Si(100)-2x1 surface,
and is therefore expected to lack resonances sufficiently
close to the Fermi level to trigger desorption. The obser-
vation of desorption at both bias polarities over a wide
range of sample biases and tunneling currents suggests
the existence of a new avenue for resonance-mediated dy-
namics, which is of fundamental interest and may also
be of technological relevance to the search for stable
constructs. The desorption yield of cyclopentene from
Si(100), ranging from 2x10−12 to 1x10−8 events/electron,
is between 500 and 1000 times smaller than the reported
yields for benzene on Si(100)-2x1 [8] or chlorobenzene on
Si(111)-7x7 [24], suggesting significant differences in the
desorption dynamics following resonant excitation.
To understand the desorption mechanism and explore
its generality and implications, we applied a combination
of ab-initio transport, structural, and dynamical calcula-
3FIG. 2: (color online). (a) Peak in PDOS corresponding to the
positive ion. Positive Ion HOMO plot (inset) shows symmet-
ric localization of the charge primarily on the silicon dimer.
(b) Peak in PDOS corresponding to the negative ion. Inset
shows HOMO of the negative ion, showing significant local-
ization of the electron onto the ‘up’ silicon dimer atom, with
some population on the attached C and Si atoms.
tions within the formalism of [9]. We began by inves-
tigating the electronic properties of the underlying res-
onances using the NEGF-DFT method described above.
To compute the energetic location of the resonance states
and explore their nature, we first diagonalized the sub-
Hamiltonian corresponding to the atomic orbitals of the
cyclopentene molecule to obtain the respective eigenval-
ues and eigenfunctions. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of this system are located at -2.49 eV and 6.90
eV, respectively, with respect to the Fermi level of the
system. We then calculated the eigenvalues and eigenfuc-
tions of the sub-Hamiltonian matrix corresponding to the
cyclopentene and the two attached Si dimer atoms. For
this system, the HOMO and LUMO are located at -2.00
eV and 2.95 eV, respectively, signifying strong hybridiza-
tion of the molecule with the substrate. The signature of
these states can also be seen in Fig. 2, which shows the
projected density of states (PDOS) for the (a) HOMO
and (b) LUMO. Importantly, the sharp maximum in the
PDOS in Fig. 2 correspond to maxima in the computed
transmission coefficient, showing that these sharp reso-
nances play a major role in the conductance and hence
also in the current-induced dynamics.
These results indicate that strong hybridization of the
molecule with the silicon substrate introduces new states
into the HOMO-LUMO gap of cyclopentene, which are
accessible at rather low bias voltages. In contrast with
the resonances in unsaturated systems, where the elec-
tronic orbitals are spatially delocalized and the equi-
librium displacements with respect to the neutral state
are generally small, the electronic orbitals in saturated
molecules are typically localized, giving rise to substan-
tial equilibrium displacements. The localized nature of
the molecular orbitals of cyclopentene/Si(100) can be
seen in Fig. 2 (insets), where we show the results of
electronic structure calculations of the positive and neg-
ative ion systems within a cyclopentene-Si9H12 model.
The HOMOs of both ionic states are plotted in order to
visualize the spatial extent of the charge distributions.
The importance of the hybridization of the molecule
with the silicon dimer in forming the ionic resonances
was further supported by performing Lo¨wdin and nat-
ural population analyses (LPA and NPA, respectively).
Differences between the charges residing on atoms in the
neutral and ionic states provide insight into the spatial
localization of the resonances. For the cationic state, the
atomic charge increases equally on both Si dimer atoms,
yielding an increase from the neutral state charges of
+0.15e within the LPA and +0.31e within the NPA anal-
ysis. In the case of the negative ion state, the difference
in charge residing on the raised silicon of the tilted dimer
is -0.18e within LPA and -0.27e within NPA. The pop-
ulation analysis confirms that the ionic states display a
substantial localization of the charge around the silicon
dimer as compared to the neutral state and reinforces the
NEGF observation that the silicon dimer plays a crucial
role in the formation of the resonances. Additionally,
while the localization of the charge in the positive ion is
symmetric with respect to the two Si dimer atoms, the
negative ion case shows an asymmetric localization of the
charge primarily on the raised Si atom, in agreement with
the results displayed in Fig. 2.
To complete our analysis of the resonance states and
understand the low desorption yield observed, we com-
puted the lifetimes of the ionic resonances. In the case of
isolated resonances, relevant here, these can be extracted
from fitting the PDOS to a Lorentzian form. The ob-
tained lifetimes of the HOMO and LUMO are 94 fs and
257 fs, respectively. These long lifetimes allow for sig-
nificant evolution of the vibrational modes in the ionic
state and hence substantial transfer of electronic energy
into vibrational excitation in the course of the tunneling
event, enabling desorption. At the same time, the long
lifetime implies that only a small fraction of the current
is mediated via the resonance features. Expressing the
desorption rate as an (energy integrated) product of a
desorption probability per resonance event multiplied by
the rate of electron transport through the resonance [9],
one finds that the narrow features translate into low re-
action rates, consistent with our observations.
In order to investigate the nature of the nuclear mo-
tion following the charge transfer event, we proceeded
with a DFT study of the reaction dynamics within
a cyclopentene-Si9H12 model. Previous work [10] has
shown that, for the electronically localized case of a small
organic molecule on Si(100), a cluster of this size suf-
fices to capture the physics while being computation-
ally accessible. Interestingly, as shown in Fig. 3, both
ionic equilibrium geometries are markedly displaced with
4FIG. 3: (color online). Optimized equilibrium geometries of
cyclopentene on a Si9H12 cluster: (a) neutral molecule geom-
etry, (b) positive ion geometry, and (c) negative ion geometry.
respect to the neutral geometry, with the positive ion
showing a (∼15%) stretch of the Si-Si dimer bond, while
the negative ion exhibits significant buckling of the Si
dimer as well as twisting of the cyclopentene ring. By
comparison to other systems where (photon- or electron-
triggered) desorption induced by electronic transitions
was observed, cyclopentene/Si(100) exhibits an order of
magnitude longer lifetimes and significantly more pro-
nounced rearrangement upon charge transport, in partic-
ular in the LUMO case. These large displacements from
the neutral state equilibrium along with the long life-
times, introduce the possibility for substantial motion in
the resonance state, which we proceeded to explore. Ex-
tensive dynamic reaction coordinate (DRC) simulations
in GAMESS [33] confirm that the motion of the molecule
following the scattering event in either charged state does
not directly excite the Si-C bond. Rather, vibration of
the Si-Si dimer bond is excited in the case of the posi-
tive ion, while buckling of the dimer is observed in the
negative ion case, consistent with the ionic equilibrium
geometry calculations. In contrast with the previous re-
ported case of desorption of benzene from Si(100) [8, 10],
the initially excited modes are weakly coupled to the re-
action coordinate, resulting in relatively low desorption
probability per resonant event. This result is consistent
with our observation that the desorption yields for cy-
clopentene are a factor of 500–1000 smaller than those
reported for benzene.
In summary, the combination of cryogenic ultra-high
vacuum STM measurements, with ab-initio transport,
electronic structure, and dynamical calculations illus-
trate the possibility of desorbing fully saturated or-
ganic molecules from Si(100) at modest sample biases
and provide a detailed picture of the desorption mech-
anism. Desorption occurs via resonance attachment of
a hole/electron to the HOMO/LUMO of the substrate-
adsorbate system. A key to the feasibility of such desorp-
tion events is strong hybridization of the molecule with
the silicon substrate, which gives rise to new orbitals that
are energetically remote from, and bear no resemblance
to the orbitals of the isolated molecule. Such previously
unexplored desorption pathways carry interesting impli-
cations both to the development of guidelines for the con-
struction of stable (current-immune) silicon-based molec-
ular electronics, and to the prospect of designing current-
driven molecular devices.
This work was supported by the National Sci-
ence Foundation (Grant Nos. DMR-0520513, CHE-
0313638/002, and ECS-0506802) and the Office of Naval
Research (Grant No. N00014-05-1-0563). N.L.Y. ac-
knowledges an NSF Graduate Research Fellowship and
thanks Dr. Eric Brown for useful discussions.
∗ Electronic address: m-hersam@northwestern.edu
† Electronic address: t-seideman@northwestern.edu
[1] D. M. Eigler and E. K. Schweizer, Nature 344, 524
(1990).
[2] L. Bartels, G. Meyer, and K.-H. Rieder, Phys. Rev. Lett.
79, 697 (1997).
[3] M. Lastapis et al., Science 308, 1000 (2005).
[4] R. Basu, J. D. Tovar, and M. C. Hersam, J. Vac. Sci.
Technol. B 23, 1785 (2005).
[5] W. Ho, J. Chem. Phys. 117, 11033 (2002).
[6] T. C. Shen et al., Science 268, 1590 (1995).
[7] M. C. Hersam, N. P. Guisinger, and J. W. Lyding, Nan-
otechnology 11, 70 (2000).
[8] S. Alavi et al., Phys. Rev. Lett. 85, 5372 (2000).
[9] T. Seideman, J. Phys. Condens. Matter 15, R521 (2003).
[10] S. Alavi, R. Rousseau, and T. Seideman, J. Chem. Phys.
113, 4412 (2000).
[11] A. Aviram and M. A. Ratner, Chem. Phys. Lett. 29, 277
(1974).
[12] C. Joachim, J. K. Gimzewski, and A. Aviram, Nature
403, 541 (2000).
[13] A. Nitzan and M. A. Ratner, Science 300, 1384 (2003).
[14] J. M. Tour, Acc. Chem. Res. 33, 791 (2000).
[15] B. A. Mantooth and P. S. Weiss, Proc. IEEE 91, 1785
(2003).
[16] J. G. Kushmerick et al., MRS Bull. 29, 396 (2004).
[17] A. S. Blum et al., Nature Materials 4, 167 (2005).
[18] R. Beckman et al., Faraday Discuss. 131, 9 (2006).
[19] S. Lenfant et al., Nano Lett. 3, 741 (2003).
[20] R. A. Wolkow, Annu. Rev. Phys. Chem. 50, 413 (1999).
[21] M. C. Hersam and R. G. Reifenberger, MRS Bull. 29,
385 (2004).
[22] T. Rakshit et al., Nano Lett. 4, 1803 (2004).
[23] S. N. Patitsas et al., Surf. Sci. 457, L425 (2000).
[24] P. A. Sloan et al., Phys. Rev. Lett. 91, 118301 (2003).
[25] E. T. Foley et al., Rev. Sci. Instrum. 75, 5280 (2004).
[26] N. P. Guisinger, N. L. Yoder, and M. C. Hersam, Proc.
Natl. Acad. Sci. U.S.A. 102, 8838 (2005).
[27] B. R. Trenhaile et al., Surf. Sci. 583, L135 (2005).
[28] A. P. Jauho, N. S. Wingreen, and Y. Meir, Phys. Rev. B
50, 5528 (1994).
[29] J. Kong et al., J. Comput. Chem. 21, 1532 (2000).
[30] R. J. Hamers et al., J. Phys. Chem. B 101, 1489 (1997).
[31] S. Machida et al., J. Phys. Chem. B 106, 1691 (2002).
[32] J.-H. Cho and L. Kleinman, Phys. Rev. B 64, 235420
(2001).
5[33] M. W. Schmidt et al., J. Comput. Chem. 14, 1347 (1993).
